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Summary
• Strategies to reduce arsenic in rice grain, below levels that represent a serious human

health concern, require that the mechanisms of arsenic accumulation within grain be
established. Therefore, re-translocation of arsenic species from flag leaves into filling rice
grain was investigated.

• Arsenic species were delivered through cut flag leaves during grain fill. Spatial unloading
within grains was investigated using synchrotron X-ray fluorescence (SXRF)
microtomography. Additionally, the effect of germanic acid (a silicic acid analogue) on
grain arsenic accumulation in arsenite treated panicles was examined.

• Dimethylarsinic acid (DMA) and monomethylarsonic acid (MMA) were extremely
efficiently re-translocated from flag leaves to rice grain; arsenate was poorly re-
translocated, and was rapidly reduced to arsenite within flag leaves; arsenite displayed no
re-translocation. Within grains, DMA rapidly dispersed while MMA and inorganic
arsenic remained close to the entry point. Germanic acid addition did not affect grain
arsenic in arsenite treated panicles. 3D SXRF microtomography gave further information
on arsenite localization in the ovular vascular trace (OVT) of rice grains.

• These results demonstrate that inorganic arsenic is poorly re-mobilized, while organic
species are readily re-mobilized, from leaves to grain. Stem translocation of inorganic
arsenic may not rely solely on silicic acid transporters.
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Introduction
Rice (Oryza sativa), the staple food for over half the world's population, represents a
significant dietary source of inorganic arsenic (As), a nonthreshold, class 1 human
carcinogen (Meharg et al., 2009). It is imperative that strategies to reduce grain As are
developed and those mechanisms which enable As to reach, and accumulate within, the rice
grain be determined (Zhao et al., 2009, 2010). The main species of As found in rice grain
are inorganic arsenic (arsenate and arsenite), and DMA, with trace amounts of MMA and
tetramethylarsonium sometimes present (Williams et al., 2005; Hansen et al., 2010).
Arsenate, the dominate soil species under aerobic conditions with a high affinity for iron
oxides, is an analogue of phosphate, and enters rice roots through phosphate transporters,
while the markedly more mobile arsenite, the dominant redox form under anaerobic
conditions, enters the rice plant through silicic acid transporters (Abedin et al., 2002a; Ma
and Yamaji, 2008; Ma et al., 2008). Consequently, as paddy rice cultivation relies on
anaerobic soils, rice is particularly effective at accumulating arsenic, compared with other
cereals (Williams et al., 2007). Within the rice root, arsenate is reduced to arsenite, which
then enters the stele via the Lsi2 silicic acid effluxer (Xu et al., 2008; Ma and Yamaji, 2008;
Zhao et al., 2009). Su et al. (2010) reported that arsenite was the main species found in the
xylem sap of rice plants fed either arsenite or arsenate. Arsenite may be complexed by
phytochelatins, followed by sequestration into cell vacuoles (Bleeker et al., 2006; Raab et
al., 2007; Zhao et al., 2009). Song et al (2010) recently identified phytochelatin transporters
responsible for transporting chelated arsenite into cell vacuoles, in Arabidopsis thaliana.
The organic species DMA and MMA are assimilated at a much slower rate by the root than
inorganic As (Abedin et al., 2002b), with the protonated neutral forms also transported
through silicic acid pathway (Li et al., 2009). Raab et al (2007) and Li et al (2009) found
that methylated As species are more readily translocated within the plant than their inorganic
counterparts. Once in the phloem/xylem bundle of rice DMA is translocated into grain with
over an order of magnitude greater efficiency than inorganic As species (Carey et al., 2010).
Phloem transport accounted for 90% of arsenite unloaded into grain and for 55% of DMA.
A study of arsenic transport in castor bean plants reported that arsenite was not complexed
with thiols in the phloem, as thiol complexes are not stable in the alkaline conditions of the
phloem (Ye et al., 2010).

Carey et al (2010) used XANES (X-ray Absorption Near Edge Structure) spectroscopy to
examine the speciation of As in the developing rice grain for excised panicles delivered a
pulse of either arsenate, arsenite or DMA through the cut stem (i.e. xylem plus phloem).
DMA was partially thiol-complexed within the grain and the redox status of inorganic
arsenic seemed to be concentration dependant (Carey et al., 2010). When arsenite was
delivered to excised rice panicles at 13.3μM, arsenite was oxidized to arsenate within the
rice grain, while under exposure to 133μM, arsenite remained stable within the grain as free
arsenite (Carey et al., 2010). Inorganic arsenic is localised in the bran layer of rice grain,
while the endosperm contains high levels of DMA (Sun et al., 2008; Carey et al., 2010). The
use of synchrotron X-ray fluorescence techniques to map the As distribution in rice grain
with high levels of inorganic arsenic, has shown As to be concentrated in the region of the
ovular vascular trace (OVT), the point of entry into the grain (Lombi et al., 2009; Meharg et
al., 2008). Minerals are unloaded into the rice grain from the OVT, which contains both
phloem and xylem cells, into the nucellar tissue and are then uploaded, via the apoplast, into
the filial tissue (the aleurone and the endosperm) (Krishnan and Dayanandan, 2003). Lombi
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et al (2009) suggested that this transport of material from the maternal to the filial tissues
may represent a physiological barrier which As species cross with differential efficiency.
Synchrotron x-ray fluorescence (SXRF) microtomography of developing rice grains fed
arsenite or DMA through excised stems found that arsenite was localised in the OVT region
while DMA had rapidly spread throughout the outer layers and into the endosperm. These
findings explain why inorganic As is concentrated in rice bran while the endosperm contains
higher levels of DMA. Zheng et al (2010) examined temporal variation in As levels in rice
plants at different stages of growth and reported that the concentration of DMA decreased
during grain fill, suggesting that DMA accumulation in grain occurred via the re-
translocation of DMA accumulated in the plant before flowering, while inorganic arsenic
levels remained constant, suggesting it was taken up during the period of grain fill.
However, whether As is actually re-translocated to the grain from flag leaves has yet to be
established and the redox status of inorganic As within the flag leaves remains unknown.

The aim of this study was to investigate the re-translocation of As species from flag leaves
into the filling rice grain, by feeding arsenic species directly into the flag leaves during grain
fill, and to determine the spatial unloading of key As species within the developing rice
grain and establish whether differences existed between leaf re-translocated and direct stem
transported As. Additionally, to investigate the role of silicic acid and arsenite pathways,
germanic acid, a silicic acid analogue (Ma et al., 2002; Nikolic et al., 2007) was used as a
tracer in competitive inhibition in shoot and stem feeding studies. Furthermore, three-
dimensional SXRF microtomography gave further insights into arsenite localization in the
OVT after arsenite treatment.

Materials and Methods
Plant growth

For all experiments a quick flowering Oryza sativa L. cultivar Italica Carolina was utilized,
and grown to maturity with healthy panicles labelled at anthesis as described in Carey et al
2010.

Leaf feeding of As species
To investigate the re-mobilization of arsenic species from flag leaves during grain
development, rice panicles were exposed to 333 μM of arsenite, arsenate, DMA or MMA at
10 d post anthesis. Treatment stock solutions of 13.3 mM were prepared by dissolving the
appropriate salt in Milli-Q deionised water, and 7 subsamples of each stock were frozen for
subsequent removal and use on the relevant day. Treatment vials were prepared by making
0.25 ml of the defrosted treatment stock up to 1 ml with Milli-Q deionised water and then
pipetting 0.1 ml of this diluted stock into a weighed Eppendorf vial, together with MES
buffer at a final concentration of 5 mM, and rubidium (Rb) and strontium (Sr), as markers
for phloem and xylem transport, respectively, at final concentrations of 1mM (Kuppelwieser
and Feller, 1991; Carey et al., 2010). Solutions were pH adjusted to 6.4 with NaOH. This
was then made up to 1 ml by weight by the addition of Milli-Q, yielding a treatment
concentration of 333 μM arsenite, arsenate, DMA or MMA. For arsenite and DMA,
additional treatments were included, 0, 33, and 133 μM, to generate a dose response and
establish the best concentration to use in the primary experiments.

A sharp razor blade was used to remove the flag leaf tip and this cut end was inserted into
the Eppendorf vial. A strip of aluminium foil was applied to limit evaporation, and dust
entry, and the vials were held in place by strong tape. Treatments were delivered through the
cut panicle flag leaf on intact plants for 7 d, with a fresh vial applied every 24 h. Each time a
fresh vial was applied, the tip of the flag leaf was re-cut to ensure a fresh and open entry
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point. Treatment vials were frozen on removal from the flag leaves. For each treatment and
control, 3 replicate panicles were used. Control ± Rb and Sr were also included.

Inorganic As speciation in flag leaf
For flag leaves fed arsenite or arsenate, As speciation in the fresh flag leaf was analyzed to
evaluate inorganic As status. Immediately following removal of the last treatment vial, a
section of flag leaf lamina was cut from the ligule/sheath end of the treated leaf, at least 3-4
cm from solution contact, and ground rapidly in liquid nitrogen. This was then suspended in
5 ml of chilled phosphate buffer (a solution of 6.66 mM ammonium nitrate and 6.66 mM
ammonium hydrophosphate, adjusted to pH 6.2 using ammonia) and 1 ml of the resulting
slurry was decanted into a 1.5 mL microcentrifuge tube and centrifuged at 12000xg for 2
min. The supernatant was diluted (0.5 ml made up to 5 ml) with chilled phosphate buffer
solution and a 1 ml subsample was taken for As speciation analysis via anion exchange high
performance liquid chromatography coupled with inductively coupled plasma mass
spectrometry, HPLC-ICP-MS, as described in Sun et al (2009). Each sample was analysed
on the HPLC-ICP-MS within 20-30 min of removal from the rice plant. The remaining
contents of treatment vials were also speciated to confirm As species stability. All treatment
vials were frozen on removal from the plant and defrosted on the day of speciation analysis.
For the arsenite and arsenate treatments, 0.1 ml was subsampled from each of the 7 daily
treatment vials for all 3 reps and diluted 1:1000 with chilled phosphate buffer and analysed
for As speciation by HPLC-ICP-MS.

Total As analysis for leaf fed panicles
All treatments and controls were analysed for total As via ICP-MS. Flag leaf sections were
cut from the ligule/sheath end of the blade, at least 3-4 cm from contact with tape or solution
where they had been leaf fed. Grains were selected from the top and middle regions of the
panicle and husks were separated manually, with a portion of the grain from each panicle
being kept chilled for synchrotron analysis and the remainder oven dried for ICP-MS
analysis. One fresh grain from one replicate of each treatment was then randomly selected
for SXRF microtomography. Time limitations at the synchrotron prohibited the analysis of
more than one replicate per treatment. Oven dried samples were microwave digested and
analysed for total As, Rb and Sr concentrations, by ICP-MS (7500 Agilent Technologies), as
described in Sun et al (2008). Quality control procedures were as described in Sun et al
(2008).

SXRF microtomography
For leaf fed arsenic treated grain, SXRF microtomography was conducted on fresh rice
grain, pulsed with 333 μM of either arsenite, arsenate, DMA or MMA, at
GeoSoilEnviroCARS (Sector 13) of the Advanced Photon Source, Argonne National
Laboratory. Details were as described in Carey et al (2010). The electron storage ring
operated at 7 GeV with a top-up fill mode. Fresh rice grain was suspended from a rotation-
translation stage in the path of a 3 μm X-ray beam and translated across in 3 μm steps with a
dwell time of 0.05 s per step. The grain was then rotated 0.5° and the scan process repeated
until a rotation of 0 to 180° was complete. Fluorescence data were collected using a multi-
element fluorescence detector and the resulting 2D sine wave plots were reconstructed as
described in McNear et al (2005).

Additionally, as it was established that grain arsenite is not re-translocated from flag leaves,
further SXRF tomography was conducted for fresh developing rice grain pulsed with 133
μM arsenite via the excised panicle stem, yielding images that offer an improved resolution
compared with Carey et al (2010). Fully rendered 3D microtomographic reconstructions of
arsenic in the grain were collected at beamline X26A of the National Synchrotron Light
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Source (Brookhaven National Laboratory, Upton, NY) with the monochromator tuned to
12.5 keV to resolve the arsenic edge. Microtomography was carried out as described in Kim
et al (2006). Installation of an additional silicon drift detector at 180° to the existing multi-
element Ge array detector effectively removed self-absorption effects for the low Z
elements, and allowed the use of on-the-fly data processing. This reduced spectral collection
times to 50 milliseconds per point. Arsenite-pulsed grain was mounted on a Huber
Goniometer (x,y,z,θ stage). A total of 20 tomographic sections were collected from the awl
to the rachilla at intervals of 240 μm. The beam dimensions were 10 μm horizontal × 6 μm
vertical, with 20 μm pixel sizes. Data was rendered using tomographic display software
written for the Interactive Data Language (IDL version 8.0) program (©ITT Visual
Information Solutions).

Phloem vs xylem transport of germanic acid in excised panicles
The comparative contributions of phloem and xylem in the shoot to grain translocation of
germanic acid, a silicic acid analogue, in ± stem girdled plants was investigated, with
panicles also exposed to Rb and Sr, as markers for phloem and xylem flow, respectively
(Kuppelwieser and Feller, 1991; Carey et al., 2010). Panicle stems were girdled with a jet of
steam 1 to 2cm below the panicle head, 24 h prior to excision from the plant, as described in
Carey et al (2010). This destroys the phloem cells preventing further phloem transport in to
the rice grain while xylem vessels remain functional (Martin 1982; Kuppelwieser and Feller;
1991; Chen et al., 2007; Carey et al., 2010).

At 10 d post anthesis, plants were placed in darkness for 2 h to reduce transpiration, limiting
the formation of air bubbles in the xylem during excision. Panicles were then excised below
the flag leaf node and placed in Pyrex tubes of autoclaved nutrient solution that had been
spiked with the appropriate treatment, as described in Carey et al (2010). Panicles were
placed directly into treatment solutions. Solutions contained Rb and Sr at a final
concentration of 1 mM. MES buffer, at a final concentration of 5 mM, was added to
autoclaved nutrient solutions through a sterile filter. Germanic acid treatment stocks were
prepared by dissolving GeO2 in Milli-Q deionised water containing 0.2% 4 M NaOH to
form germanic acid. Panicles were then transferred to a growth chamber with a 12 h
photoperiod, a day: night temperature of 28: 23°C, relative humidity of 80 : 60 and light
intensity of 1200 μmol m-2 s-1. For each treatment and control 3 replicate panicles were
used. Controls ± Rb and Sr were included. Following the 48 h treatment period flag leaves
and grains were oven dried and grains were selected from the top and middle regions of the
panicle and manually de-husked.

Additionally, to assess whether shoot-to-grain translocation of arsenite utilizes silicic acid
transporters, a competition experiment was conducted by treating excised rice panicles with
a hydroponically administered 48 h pulse of 133 μM arsenite or arsenate (or Milli-Q for the
control panicles), ± 1.33 mM Ge during grain development.

Samples were microwave digested and total Ge was measured by ICP-MS as described
above.

Re-translocation of Ge from flag leaf
To investigate the remobilization of Ge from flag leaves during grain development, rice
panicles were exposed to 333 μM of Ge, via the cut flag leaf on intact plants, at 10 d post
anthesis. This was conducted alongside the leaf fed arsenic experiment and followed the
same procedure.
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Results
Leaf feeding of As species

Total solution uptake from feeding vials was less for the DMA and MMA treatments than
that for the control and inorganic treatments (Fig. 1). ANOVA demonstrated that As
treatment had a significant effect on solution uptake from feeding vials (P=0.01) with
inorganic As treatments and the As control having significantly greater total solution uptake
than the MMA treatment, and the arsenate treatment having significantly greater uptake than
DMA, with no difference between the two organic treatments.

Mean total As concentrations in flag leaf and grain for leaf fed As species are reported in Fig
1. ANOVA revealed that As treatments had a highly significant effect on flag leaf As levels
(P<0.001) with mean flag leaf As significantly lower for As controls than all other As
treatments, with no significant differences between the 4 As species, although there was a
large degree of variation in MMA treated leaves. In the grain, ANOVA determined that for
all As species, with the exception of arsenite which was not significantly different to the
control, mean grain As was significantly increased by flag leaf exposure (P<0.001). Fisher's
pairwise comparisons showed that organic As treatments, between which there was no
significant difference, led to significantly greater mean grain As than inorganic treatments,
with levels 100-fold those for arsenate treated plants, and that leaf feeding of arsenate led to
significantly higher grain As than feeding with arsenite.

Mean total Rb and Sr concentrations in flag leaf and grain for leaf fed As species are
reported in the Supporting Information, Fig S1. The results demonstrate that there is
significant phloem transport to the developing grain from the flag leaf, and that this is not
affected by the addition of As. There was no measurable transport of Sr from the flag leaf to
the grain suggesting that there was little xylem transport from the flag leaf to the grain
although, in view of the large degree of variation between replicates (Fig. S1), it cannot be
definitively concluded that there is no xylem transport from the flag leaf to the grain.

As speciation in flag leaf
HPLC-ICP-MS analysis of As speciation in freshly extracted flag leaves exposed to arsenite
and arsenate for 7 d with feeding vials changed daily showed that arsenite remained stable as
arsenite in the leaf, with no conversion to other species, while arsenate was completely
converted to arsenite (Fig. S4). Speciation of the remaining feeding vial contents after 24 h
attachment to the flag leaf found that arsenite and arsenate treatments had remained stable
within the vial for the duration of the feeding period, with As in arsenate feeding solutions
predominantly arsenate (99% arsenate and 1% arsenite) and arsenite feeding vials containing
100% arsenite (Fig. S5).

Imaging arsenic unloading
SXRF microtomography images collected for fresh developing rice grains fed with arsenic
species via flag leaves are compared with those collected previously for developing rice
grains fed via the excised stem (Fig. S6). It appears that arsenic species delivered to the rice
grain via re-translocation from the flag leaf do not differ in their unloading and distribution
from those delivered via direct stem transport.

MMA and arsenate, not previously analysed, appear to be retained in the ovular vascular
trace (OVT) region of the fresh grain, whether fed via the cut flag leaf or excised panicle
stem (Fig. S6).
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SXRF microtomography images in Fig. 2 show arsenic distribution, during unloading into
the rice grain, for an excised panicle pulsed with 133 μM arsenite for 48 h, enhancing the
information provided in Carey et al (2010). In the 3D image in Fig. 2a, arsenic can clearly
be seen in the OVT, which runs down the ventral side of the grain (Krishnan and
Dayanandan, 2003), apparently coincident with Fe and Mn, in agreement with previous
studies (Meharg et al., 2008; Lombi et al., 2009; Carey et al., 2010). However, closer
inspection (2b-d) reveals that Fe and Mn appear to be located on either side of the arsenic.
The 2D tomograms in Fig. 2(b-d) demonstrate that arsenic, while remaining largely
localised in the OVT, has begun to spread beyond it, indicating that arsenite is being
unloaded into the nucellar epidermis that encircling the endosperm, but much less efficiently
than DMA. With regard to Fe and Mn, Fe appears to be more efficiently unloaded into the
nucellar epidermis than arsenite, while Mn is more strongly retained within the OVT.

Ge phloem and xylem transport
Excised stem fed Ge Mean concentrations of the phloem marker, Rb, and the xylem marker,
Sr, in the grain, husk and flag leaves for the stem-girdling experiment are reported in Fig.
S7. These results demonstrate that the stem-girdling treatment was effective in interrupting
phloem transport without damaging xylem transport and that germanic acid addition did not
significantly affect phloem or xylem transport to the rice grain and husk.

Silicic acid itself was originally utilized to examine silicic acid/arsenite competition in shoot
to grain transport of inorganic arsenic, however, addition of silicic acid at 10-fold the molar
concentration of As proved so phytotoxic to the excised panicles that the data could not be
meaningfully interpreted. Therefore, germanic acid, a silicic acid analogue, was used. Mean
concentrations of Ge in the flag leaf, grain, and husk for the ± stem-girdled panicles stem
fed germanic acid are reported in Fig. 3. Since stem girdled panicles were generally smaller
and took up less solution than nonstem girdled panicles, solution uptake has been included
in Fig. 3. This demonstrates that any observed differences between stem girdled and
nonstem girdled germanic acid treatments in grain, husk and flag leaf Ge concentration
corresponds with differences in solution uptake. Two-way ANOVA showed that germanic
acid treatment had a highly significant effect on mean flag leaf Ge concentrations (P<0.001),
resulting in 100-fold more Ge than control panicles, and that there was a significant effect of
stem girdling (P=0.037).

Two-way ANOVA revealed that the germanic acid treatment had a highly significant effect
on mean grain Ge concentrations (P<0.001), with germanic acid treated panicles being at
least 100-fold greater than the controls. The stem girdling treatment did not result in
significant differences in grain Ge, with no significant differences between stem girdled and
nonstem girdled counterparts in all cases, although there was a significant interaction
between the germanic acid and stem girdling treatments (P=0.011).

For husk samples, two-way ANOVA revealed that the germanic acid treatment had a highly
significant effect on mean husk Ge, with germanic acid treatment yielding mean husk Ge
levels 500-fold those of the control panicles, twice those of the germanic acid treated flag
leaf and more than 15-fold those of the corresponding grain (P<0.001). However the stem
girdling treatment did not have a significant affect on husk Ge and there was no significant
interaction between the germanic acid and stem girdling treatments.

Leaf fed Ge For the leaf fed panicles, two-way ANOVA determined that exposure to 333
μM germanic acid via a cut flag leaf on the intact plant led to significantly higher levels of
Ge in all examined plant parts compared with the germanic acid control (P<0.001) and that
Ge levels differed significantly for plant parts, in the order flag leaf > husk> grain
((P<0.001) as shown in Fig. 4). For both the control and the germanic acid treated flag

Carey et al. Page 7

New Phytol. Author manuscript; available in PMC 2014 February 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



leaves, mean husk levels of Ge were 10-fold greater than those of the grain, although this is
a markedly lower husk: grain ratio than demonstrated by excised stem fed panicles, where
husk Ge levels were 20-fold those of the grain. This may be a result of Ge in leaf fed plants
being largely restricted to phloem transport, which, as stem girdling demonstrates, is not the
primary transport pathway for Ge into husk or grain. The retention of Ge in the flag leaf also
indicates that Ge is not particularly phloem mobile.

Germanic acid competition with inorganic As
Mean As concentrations in flag leaf, grain and husk for excised panicles treated with
germanic acid and inorganic As are reported in Fig. 5. Flag leaf concentrations of Ge were
below the limit of detection (LOD) for control treatments and were, therefore, excluded
from statistical analysis. Two-way ANOVA demonstrated that pulsing excised panicles with
arsenate led to significantly greater flag leaf As than treatment with arsenite (P=0.019),
although at 1.5-fold, this difference was not as marked as that observed in grain and husk
samples, while germanic acid addition had no significant effect. There was no interaction
between As and germanic acid treatments.

Two-way ANOVA showed that As treatments had a significant effect on grain As levels
(P<0.001), with arsenite and arsenate addition both yielding significantly higher grain As
than the controls and arsenate leading to significantly higher (3-4 fold more) grain As than
the arsenite treatment. Germanic acid, fed at 10-times the molar concentration of the As
species, had no significant effect on grain As levels and there was no significant interaction
between As and germanic acid treatments.

For the husk, two-way ANOVA showed that treatment with As had a highly significant
effect on husk As levels (P<0.001) while germanic acid treatment did not lead to significant
differences in husk As and there was no significant interaction between the As and germanic
acid treatments. As with the grain, pairwise comparisons revealed that treatment with
arsenate led to significantly greater (3 to 4-fold more) husk As than the arsenite treatment
(P<0.001).

There were no significant differences in solution uptake (Fig. 5); two-way ANOVA
confirmed that the As and germanic acid treatments did not lead to any significant
differences in solution uptake and there was no significant interaction between treatments.

Discussion
Re-translocation of arsenic from shoot to grain

This study investigated the re-translocation of arsenic species from flag leaves to rice grain
during grain filling, by feeding arsenic species directly into the panicle flag leaf of intact
plants.

Re-translocation of the organic arsenic species, DMA and MMA, was extremely efficient,
despite lower solution uptake compared with the inorganic treatments and controls. Flag
leaves treated with DMA took up 25-30% less feeding solution than the inorganic As and
control treatments, and MMA treated leaves took up 35-40% less feeding solution. This is
consistent with their use as herbicides and defoliants (desiccants) (Marcus-Wyner and Rains,
1982; Mastradone and Woolson, 1983; Marin et al., 1993; Valette-Silver et al., 1999; Rosen
and Liu, 2009). The dose response conducted for DMA and arsenite (Fig. S2) confirmed that
DMA was efficiently transported to the grain, regardless of leaf dose, in contrast to arsenite
which displayed no measureable re-translocation from flag leaf to grain. The relatively high
mobility of DMA and MMA compared with inorganic arsenic agrees with previous studies
(Raab et al., 2007; Li et al., 2009; Carey et al., 2010). Raab et al (2007) suggested this
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might be due to poorer thiol complexation limiting retardation during translocation. A recent
study showed that DMA and MMA both remained stable and uncomplexed in the phloem
and xylem (Ye et al., 2010).

Zheng et al (2010) reported that the DMA concentration in rice grain decreased during grain
filling. The results presented here appear to contradict that study, as DMA was actively
translocated into filling grain to reach relatively high concentrations. As DMA is so rapidly
re-translocated from flag leaves to rice grain, DMA that has accumulated within the plant
prior to panicle formation will swiftly partition into the panicle and ovary, during
development, leading to a high proportion of DMA in the initial stages of panicle
development and grain fill. As DMA is slowly taken up by rice roots (Abedin et al., 2002b),
in contrast to inorganic arsenic, the amount of DMA taken up by the plant throughout the
grain fill period will be comparatively low, and further diluted by the carbohydrate filling
the grain. Oparka and Gates (1981) suggested that water entering the endosperm of
developing grains, with the mass flow of assimilates, leaves the grain via the xylem of the
pericarp bundle. It is possible that some DMA, being xylem mobile, does so too, although
this would necessitate a corresponding increase in plant tissues elsewhere and Zheng et al
(2010) did not detect this.

While MMA is similar to DMA in its rapid re-translocation from flag leaf to rice grain,
SXRF microtomography demonstrates that MMA and DMA have very different degrees of
mobility within the developing grain. DMA rapidly spreads throughout the outer layers and
into the endosperm, whether arriving via direct stem transport or via re-mobilisation from
flag leaves. MMA, conversely, is retained within the OVT region in a similar pattern to
inorganic As species (Fig. S6).

With regard to inorganic As, arsenate was relatively poorly re-translocated to the rice grain,
but proved more mobile than arsenite, which displayed no measureable re-mobilization from
flag leaf to grain (Fig. 1). Arsenate was also 3-4 times more efficiently translocated into the
rice grain than arsenite when fed through excised panicles at concentrations of 133μM (Fig.
5). Despite exhibiting a similar lack of mobility within the rice grain (Fig. S6), arsenate is
clearly more mobile within the shoot than arsenite, probably due to arsenate's low affinity
for thiol groups (Raab et al., 2007). However, arsenate is rapidly reduced to arsenite within
the flag leaf and, in a hydroponic study, arsenite was the predominant species found in the
xylem of rice plants fed arsenate (Su et al., 2010). Carey et al (2010) did not find any
significant differences in shoot-to-grain transport of arsenite and arsenate when fed through
excised panicles at concentrations of 13.3 μM. In that study, XANES speciation of
developing rice grains demonstrated that, at 13.3 μM exposure, arsenite in the grain was
oxidized to arsenate, while at 133 μM exposure, arsenite remained stable (Carey et al.,
2010). The interpretation that arsenate is re-translocated from the flag leaf to the grain, albeit
in small quantities, while arsenite is not, suggests that some of the initial arsenate is exported
to grain, potentially through the phosphate pathways, before reduction takes place. Within
the flag leaf, arsenite is likely detoxified through complexation with thiol-rich peptides,
including phytochelatins and glutathione, and sequestered into leaf cell vacuoles (Bleeker et
al., 2006; Raab et al., 2007; Zhao et al., 2009). Song et al (2010) recently identified
phytochelatin transporters responsible for facilitating the chelation of arsenite prior to
sequestration in cell vacuoles, in Arabidopsis thaliana. In this study, As speciation would
not have distinguished between free arsenite and thiol-complexed arsenite. A number of
studies have shown that translocation of As from shoot to rice grain becomes less efficient at
higher shoot arsenic levels, indicating some threshold (Williams et al., 2007; Adomako et
al., 2009; Lu et al., 2009; Norton et al., 2009). Norton et al (2009) reported that, for a range
of cultivars, the percentage of DMA in rice grain increased with increasing total As while
the percentage of arsenite decreased (Norton et al., 2009). This may be, in part, due to a
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greater proportion of arsenite being retained within leaf cell vacuoles. Zheng et al (2010)
reported that the nodes of rice plants distribute 40% of any arsenic they receive to the closest
leaf. The results presented here suggest that any arsenite distributed to the flag leaf will
remain there, while a significant amount of any DMA transported to the flag leaf will be re-
translocated to the grain. The rapid reduction of arsenate to arsenite within the flag leaf
means that any arsenate accumulated within the rice plant during growth will have been
reduced to arsenite and effectively immobilised. Therefore, arsenite and arsenate
accumulating in the developing grain must arrive via direct transport through the stem
during grain fill, while DMA (and MMA) will be delivered to the rice grain both from flag
leaf stores and via the direct transport through the stem of any taken up during grain fill.

Spatial unloading of arsenic
The 3D and 2D images of grains from the leaf fed and excised stem agree with previous
images of arsenic-fed rice grains (Carey et al., 2010). In addition, in Fig. 2, arsenite can
clearly be seen in the ovular vascular trace, closely localized, with Fe and Mn apparently on
each side of arsenite. Since phloem cells are situated on the outside of the xylem cells in the
OVT (Krishnan and Dayanandan, 2003), it is likely that arsenite is localised in the phloem
while Fe and Mn are present in both phloem and xylem, although the resolution is not high
enough to definitively conclude this. Also, Fig. 2 demonstrates that a portion of the arsenic
is being unloaded into the nucellar epidermis albeit much less efficiently than DMA. The
concentration of inorganic As, particularly arsenite, within the bran layer of mature rice
grain would suggest that arsenite does not move beyond the nucellar epidermis into the
endosperm, as demonstrated for DMA (Meharg et al., 2008; Sun et al., 2008). Moore et al.
(2010) showed that arsenic was concentrated both in hotspots in the OVT region and in the
sub-aleurone layer that surrounds the endosperm for a rice grain containing c. 30% inorganic
arsenic and 70% organic arsenic.

Ge phloem/xylem mobility
The highly efficient translocation of germanic acid to the Si accumulating tissues,
particularly the husk, observed for excised panicles, agrees with the role of germanic acid as
a silicic acid analogue. Stem girdling demonstrated that phloem transport is not important in
germanic acid, and analogously, silicic acid translocation to the rice panicle. It may be that,
as germanic acid is extremely mobile in xylem and that interruption of the percentage
distributed to tissues via phloem is masked by the substantial xylem flow. In contrast to
‘leaf-locked’ arsenite and phloem-immobile Sr, there was some translocation of germanic
acid from treated flag leaves to rice grain. This was limited and the markedly lower
husk:grain ratio than that demonstrated by excised stem fed panicles indicated that this is not
the primary pathway for germanic acid, and thus silicic acid, to the grain. As background Ge
in tissues is low, even trace level translocation of germanic acid to grain can be detected, but
it should be stressed that grain concentrations are 277-fold lower than leaf. It may be that
silicic and germanic acids are phloem-mobile, but at the flag leaf node a high proportion, if
not all, is transferred to the xylem, and, therefore, stem girdling at the base of the panicle
(above the node) has no effect. Nodal vascular anastomoses in rice panicle nodes connect
the enlarged vascular bundles to the surrounding diffuse vascular bundles and this
intervascular connection is necessary for translocation to panicle tissues (Yamaji and Ma,
2009). Yamaji and Ma (2009) noted that intervascular transport via nodal vascular
anastomoses does not sufficiently account for the rapid accumulation of Si in rice husks and
demonstrated that Lsi6 transporters, in xylem transfer cells, mediate Si transport from
enlarged vascular bundles in the panicle node to the diffuse vascular bundles that transport
material to the panicle.
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With regard to differential mobility of As species, organic As species are perhaps rapidly
transferred via xylem transfer cells from enlarged vascular bundles to diffuse vascular
bundles while arsenite, which is far less mobile in the xylem, is not.

Arsenite-germanic acid competition
Germanic acid has been shown to be an effective analogue of silicic acid in rice (Ma et al.,
2002; Nikolic et al., 2007) and silicic acid transporters have been implicated in the transport
of arsenite (and methylated arsenic species) into rice roots (Ma and Yamaji, 2008; Ma et al.,
2008, Li et al., 2009). Germanic acid does not significantly reduce shoot to grain transport
of arsenite, indicating that arsenite may not rely solely on silicic acid transporters for shoot-
to-grain transport, or that competition is poor for these transporters, as may be the case for
channels. In a study of field grown rice cultivars, Norton et al (2010) found a positive
correlation between shoot As and shoot silicon but no correlation between shoot silicon and
grain As levels. Ma et al (2008) showed that Lsi6 transporters are not involved in arsenite
uptake into the roots of rice plants, although this may simply be due to low expression of
Lsi6 in rice roots. Arsenite-silicic acid competition may be significant in rice roots, where
there is strong control on uptake into the plant, but is perhaps less important in the rice shoot
where transport is largely driven by mass flow. When Li et al (2009) found that silicic acid
did not reduce root uptake of MMA and DMA, they suggested that aquaporins such as Lsi1
may allow rapid fluxes of solutes so competition will be less obvious (Li et al., 2009; Maure
et al., 2008), this may also be the case for Lsi6 but further investigation is required.

In conclusion, this study demonstrates that DMA and MMA are extremely efficiently re-
translocated, via the phloem, from the panicle flag leaf to the filling rice grain. In contrast to
inorganic arsenic and MMA, DMA is extremely mobile within the grain, whether arriving
via direct transport though the stem or re-translocation from flag leaves. Arsenate was
relatively poorly re-translocated to the rice grain and was rapidly reduced to arsenite within
the flag leaf. Leaf fed arsenite was not translocated to the rice grain, and was potentially
sequestered into leaf cell vacuoles. Consequently, arsenite and arsenate accumulation in the
developing grain must occur solely via direct transport through the stem during grain fill,
while DMA will also be delivered to the rice grain from flag leaf stores. The results of this
study also show that arsenite does not compete with germanic acid for direct transport to the
rice grain through the stem, suggesting that arsenite does not rely solely on silicic acid
transporters for shoot to grain translocation and, therefore, that shoot silicon status may not
be important in rice grain As accumulation. Alternatively, arsenite-silicic acid competition is
perhaps less obvious in the rice shoot where transport is largely driven by mass flow and/or
that the rate of transport through channels is too rapid to allow competition to take place.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Mean total arsenic (As) concentrations (bars) in (a) flag leaf and (b) grain, for rice panicles
exposed to 333 μM of 1 of 5 arsenic treatments together with 1 mM rubidium and strontium.
Treatments were delivered through the cut flag leaf on intact plants for 7 d, with a fresh vial
applied every 24 h. Total solution uptake is also shown for each treatment (circles). Error
bars represent ± SE of three replicates.
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Fig. 2.
(a) Three dimensional rendering of total x-ray absorption (greyscale colourbar) and arsenic
(As) (rainbow colourbar) fluorescence of an immature rice grain pulsed with 133 μM
arsenite. (b-d) Individual tomograms of As, manganese (Mn) and iron (Fe) in the ovular
vascular trace. (e) Transverse section of ventral side of immature rice grain at rapid grain
filling stage (c. 10 DAF) showing the vasculature of the ovular vascular trace, re-printed,
with the kind permission of the authors, from Krishnan and Dayanandan (2003).
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Fig. 3.
Mean total concentrations of germanium (Ge) in grain (a), husk (b) and flag leaf (c) for
excised rice panicles subjected to a ± stem girdling treatment and hydroponically fed, over a
48 h period, nutrient solution amended with 133 μM germanic acid and 1 mM rubidium
(Rb) and strontium (Sr); 1mM Rb and Sr only (germanic acid controls) or, for zero exposure
controls, no amendment. Total solution uptake is also shown for each treatment (circles).
Error bars represent the ± SE of three replicates.
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Fig. 4.
Mean total germanium (Ge) concentrations in flag leaf, grain and husk, for rice panicles
exposed to 333 μM germanic acid, and 1 mM rubidium (Rb) and strontium (Sr), through the
cut flag leaf on intact plants for 7 d, with a fresh vial applied every 24 h. Total solution
uptake is also shown for each treatment (circles). Error bars represent ± SE of three
replicates. [Author, please note that the key will be deleted according to our journal style. As
it is not possible to distinguish the colour of (supposedly?) pale grey bars, the key was not
included in the legend. Please alter the legend if necessary.]
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Fig. 5.
Mean total arsenic (As) concentrations rice grain (top), husk (middle) and flag leaf (bottom)
for excised rice panicles hydroponically fed, over a 48 h period, nutrient solution amended
with either 133 μM arsenite (AsIII) or arsenate (AsV) together with 1.33 mM germanic acid.
Total solution uptake is shown for each treatment (circles). Error bars represent ± SE of
three replicates.

Carey et al. Page 19

New Phytol. Author manuscript; available in PMC 2014 February 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


